Summary. This study was designed to establish whether specific early changes in carbohydrate content of proteins in the glomerulus of the diabetic rat could be detected. Lectin staining of kidney sections from streptozotocin-induced diabetic rats were compared with similar sections from healthy and diabetic rats that were treated with insulin. Animal groups were killed 1 month, 3 months and 6 months after induction of diabetes. There were no differences in the staining of the glomerular basement membrane between control, insulin-treated and diabetic rats for the lectins concanavalin A, lotus tetragonolobus, soybean and kidney bean, with and without trypsinisation. Staining of the glomerular basement membrane with wheat germ agglutinin after trypsinisation was significantly increased in the diabetic group when compared to both healthy and insulin-treated groups (p<0.01). It was concluded that, in experimental diabetes mellitus in the rat, there is an accumulation of substances in the glomerular basement membrane and mesangium with an affinity for wheat germ agglutinin, most probably N-acetyl glucosamine, and this is partially prevented by insulin treatment.
Thickening of capillary basement membrane is well recognised as an accompaniment of disturbed glycaemic control in diabetes mellitus [1] . Basement membrane is composed of Type IV collagen, laminin, fibronectin and glycosaminoglycans. Heparan sulphate, a highly negatively charged glycosaminoglycan, is thought to be important in maintaining the charge barrier properties of the glomerular capillary [2] . Changes in the chemical composition of basement membrane have been reported in diabetes mellitus, but the reports are conflicting. Thus, Beisswenger and Spiro [3] reported an increase in Table 1 . Lectins used in this study and their respective inhibitory sug- hydroxylysine with a corresponding increase in glucosyl-galactosyl disaccharides; other observers failed to confirm this finding, noting only a decrease in sialic acid content [4, 5] . Histochemical techniques for studying carbohydrate composition in tissue are limited. The most popular, periodic acid Schiff (PAS), indicates only the presence of 1,2 glycol groups. Lectins are proteins derived from plants that have a specific affinity for carbohydrate groupings, and they can be used to extend this approach by more detailed probing of carbohydrate structures. In this study we have used five lectins (Table 1) , each with a different carbohydrate specificity, to determine the nature and distribution of carbohydrate in the glomeruli of diabetic rats compared with their expression in normal and insulin-treated diabetic animals.
Materials and methods
Diabetes was induced in male Wistar rats (150-200g) by either" 65 mg/kg or 120 mg/kg streptozotocin IV [Sigma Chemicals, Fancy Road, Poole, Dorset, UK] in 0.3 ml of 50mmol/l citrate buffer, pH 4.5. The latter dose was given to destroy all B cells in the pancreas, and therefore the insulin requirements of these rats were uniform and predictable. Rats receiving 120 mg/kg streptozotocin IV were subse-quently treated by daily injection of 3 or 4 units of protamine zinc insulin (PZI, Boots Pure Drug Co., Nottingham, UK) adjusted to induce normal weight gain. Control animals age-and sex-matched were injected with citrate buffer alone. Fed rats were killed by cardiac exsanguination under ether anaesthesia at t, 3 and 6 months after induction of diabetes. Paired controls were killed at the same time. At killing, blood was drawn for plasma glucose and HbA1 estimation, and plasma glucose was measured on a Yellow Springs Instruments glucose analyser, Model 23 AM (Clendan Scientific, Basingstoke, UK). HbA1 was measured by electroendosmosis [Coming Medical, Halstead, Essex, UK]. The fight kidney was removed and fixed in 4% formaldehyde in normal saline for 48 h. After dehydration in alcohol the specimens were embedded in paraffin in the conventional manner and cut into sections of approximately 5 ~m thick. Lectin staining was by the method developed by Stoddard [8] . Tissue sections were taken from alcohol to water, and incubated for 30 rain in a solution containing 15% v/v H202 in acidified methanol to block endogenous diaminobenzidine binding sites. After washing in 0.05 mol/1 Tris buffered saline (TBS), pH 7.6, for 5 min, the slide was incubated for 30 min with the lectin (10 mg/l) in TBS containing 1 mmol/1 CaCI2. This was followed by washing in TBS and CaC12 for 15 min, incubation in a solution containing avidin (10mg/l) and peroxidase labelled biotin (2.5 mg/1) for 60 min, and a final wash in TBS for 10 min. The peroxidase staining was detected by treating the slides for 10 rain with a solution containing 0.5 g/1 diaminobenzidine plus 0.015% (v/v) hydrogen peroxide. The slides were counterstained with haematoxylin.
After 'blocking', some slides were incubated for 15 min at 30 °C with 1 g/l trypsin in 6.8 mmol/1 CaC12 and TBS. After washing in TBS, these were subjected to the same staining procedure.
Controls
For each lectin the appropriate inhibitory sugar was present during the lectin incubation at a concentration of 0.1 tool/l: N-acetyl glucosamine for wheat germ, mannose for con A, L-fucose for lotus tetragonolobus, N-acetyl galactosamine for soybean and kidney bean.
A number of controls were used for the staining procedure. In each batch negative and positive controls were used. In the former the lectin was omitted; in the latter a section from the same piece of kidney was processed.
The slides were viewed by light microscopy and assessed blind. In the sections stained with WGA and WGA plus trypsin, five separate randomly selected glomeruli were scored. The observer who scored did not select the glomeruli. Glomeruli were positioned so as to minimise the view of the tubules such that Arrnanni-Epstein lesions were excluded from the selected fields. Grading of the slides was from 0-8 + and was an integrated summary of GBM and mesangium.
Avidin, peroxidase biotin, the biotinylated lectins [concanavalin A (con A), wheat germ WGA), soybean (SBA), lotus tetragonolobus, kidney bean (PHA)], and diaminobenzidine were obtained from Sigma Chemical Company (Fancy Road, Poole, Dorset, UK).
Statistical analysis
The mean score for each rat was calculated by taking the mean of 5 randomly sampled glomeruli, and the mean values for each group was determined. Statistical comparisons were made by comparing the latter values using the Student's t-test.
Results
All rats selected for the diabetic groups had plasma glucose values > 17.0 mmol/1 48 h after induction of diabetes. All untreated diabetic rats developed cataracts after two months of diabetes. Table 2 shows blood glucose levels, percent HbAt and weights of the three groups of rats at 1, 3 and 6 months.
Each lectin stained the kidney differently, and pretreatment with trypsin altered the binding pattern of WGA, PHA and SBA. All slides prepared from kidneys of untreated diabetic rats showed the Armanni-Ebstein lesion.
Wheat germ agglutinin exhibited an affinity for glomerular basement membrane (GBM) that became more evident after trypsinisation. There was a clear difference in staining with wheat germ after trypsinisation between diabetic animals and both control and insulin-treated animals at 6 months (see Table 3 ). The mesangium in the diabetic glomeruli appeared thickened and increased in amount when compared to that in control animals (Fig. 1) . Although background staining was high in these sections, there was an increase in GBM staining in untreated diabetic animals which was not apparent in the insulin-treated group. The intensity and amount of stain increased with age in both control and diabetic groups; the controls at 6 months stained more intensely than controls stained at one month. Sections from diabetic animals exhibited the same trend but to a greater degree.
Concanavalin A had an affinity for many different cellular and non-cell structures; consequently, background staining was high. No difference was found between diabetic, control or insulin-treated rats. Results are given as the mean + SD. n = 5 in all groups except an = 6, bn = 3. CInsulin was omitted the morning of killing Lotus tetragonolobus failed to stain GBM in any of the tissues. No staining occurred after trypsinisation.
Soybean did not stain the GBM. Prior to trypsinisation the cytoplasm of the proximal convoluted tubules showed faint staining. After trypsinisation the cytoplasm stained weakly, but the brush border of the proximal tubules stained intensely (see Fig. 2 ), with no difference between the three groups of rats.
Kidney bean showed a similar pattern to soybean. No staining of the GBM occurred either with or without trypsinisation. Weak staining of the cytoplasm of the proximal tubules was seen prior to trypsinisation. After trypsinization the cytoplasm of the proximal convoluted tubules stained weakly but the brush border stained intensely. Kidney bean staining was not different between diabetic, insulin-treated or control animals at any time point.
Control staining
The addition of the appropriate inhibitory sugar abolished all staining for all the lectins. By omitting the lectin during the staining process, no binding of diaminobenzidine occurred.
Discussion
In this study we set out to identify early changes in the carbohydrate structure of the diabetic kidney. The streptozotocin-diabetic Wistar rat is well characterised as an animal model for diabetes. Glomerular enlargement with a corresponding increase in basement membrane occurs four days after induction of streptozotocin diabetes [9] , and basement membrane thickening is marked after six months of poor control [10] . Although our study confirms the previously observed lectin histochemical findings in normal rat and human kidney [11] [12] [13] , we failed to observe any difference between the groups in basement membrane staining for all lectins examined except WGA. This finding contrasts with the results reported by Rosenquist et al. [14] , who have recently reported a significant increase in concanavalinA binding to diabetic rat kidney after 70 days. However, these workers paid no attention to the distribution of lectin binding, and measured total bound concanavalinA by atomic spectroscopy. We found the distribution of concanavalin A so widespread and non-specific as to be impossible to assess by light microscopy. Despite non-enzymatic glycation being increased in the diabetic rats as reflected by an increase in HbA1, concanavalinA cannot detect glucose as the ketoamine adduct or as another product of the Maillard reaction. This is because the lectin requires a minimum configuration of unmodified hydroxyl groups at C-3, C-4 and C-6 on a D-pyranose ring [15] .
Lectin histochemistry can also detect changes in cell and basement membrane glycoproteins. The binding of concanavalinA is diminished in liver plasma membranes of chronically diabetic rats compared with control animals [16] . Other studies of cell surface glycoproteins and enzymes involved with their synthesis suggest there are generalized changes in diabetes. Heparan sulphate content is decreased in rat renal cortex in diabetic rats [17] and in basement membrane-producing tumour from diabetic mice [18] . Spiro [19] reported an increase in activity of UDP-glucosyl galactosyl transferase in diabetic rat kidneys which returned to normal with insulin therapy.
Our studies showed an accumulation of substances in the glomerular basement membrane and mesangium with an affinity for wheat germ agglutinin that increases not only with age but accelerates in the presence of diabetes mellitus, and is only partially prevented from occurring by insulin. This suggests an increase in either sialic acid or N acetyl glucosamine [20, 21] in these structures in the presence of diabetes. This possibility has been recently examined in a pilot study by treating tissue sections with trypsin followed by neuraminidase, an enzyme that cleaves terminal sialic acids. No change in staining intensity was seen in the sections from diabetic animals, although staining in control sections was diminished. This further suggests that the material accumulating in the diabetic glomeruli is N-acetyl glucosamine, but more detailed studies are needed to confirm this finding. The presence of an excess of N-acetyl glucosamine, a component of heparan sulphate, in glomerular basement membrane is of interest. It raises the possibility that undersulphation of glycosaminoglycan chains may occur in diabetes and that insulin treatment partially corrects the underlying defect. Undersulphation of heparan sulphate may account for the decrease in content reported.
In conclusion, staining of sections from diabetic animals at six months with wheat germ agglutinin was increased when compared with sections from control and insulin-treated animals. Trypsinisation further exaggerated this difference, leading to the suggestion that in diabetes mellitus there is an accumulation of either N-acetyl glucosamine or sialic acid in the mesangium and glomerular basement membrane.
